Introduction
Nitrogen (N 2 ) fixation is a major source of ''new'' nitrogen to the euphotic zone that is thought to mostly compensate the loss through denitrification, therefore playing a key role in controlling the oceanic nitrogen inventory [e.g., Karl and Letelier, 2008] . Since nitrogen limits primary production in large parts of the world's ocean [e.g., Gruber and Sarmiento, 1997; Falkowski, 1997] , the input of ''new'' nitrogen by means of N 2 fixation affects the efficiency of the biological pump, and hence the carbon cycle. The process of N 2 fixation, however, is often either neglected or only poorly represented in the ocean biogeochemistry components of state-of-the-art Earth system models used for climate projections. This is also the case for the HAMburg Ocean Carbon Cycle Model (HAMOCC), the ocean biogeochemical component of the Max Planck Institute Earth System Model (MPI-ESM). Here we present the incorporation of prognostic N 2 fixers into HAMOCC, aiming at improving the representation of present-day N 2 fixation in the model.
Only specific heterotrophic and autotrophic marine organisms, called diazotrophs, have the capacity to utilize N 2 for metabolic processes. In our study, we focus on the autotrophic types since heterotrophic diazotrophs are still poorly understood and their contribution to global N 2 fixation is unclear [Zehr et al., 2001; Langlois et al., 2005] . There are three main groups of autotrophic diazotrophs: (1) the large, nonheterocystous cyanobacterium Trichodesmium [Carpenter and Romans, 1991; Capone et al., 1997; Karl et al., 2002; LaRoche and Breitbarth, 2005] , (2) small-sized unicellular cyanobacteria [Zehr et al., 2001] , and (3) symbiont heterocystous diazotrophs associated with diatoms (DDA) [Carpenter et al., 1999; Foster and Zehr, 2006] . The ability to fix N 2 ensures diazotrophs their ecological success throughout vast areas of the tropical and subtropical oceans [Luo et al., 2012] . Recent estimates of global N 2 fixation rates span a large range of about 21 [e.g., Karl et al., 2002; Großkopf et al., 2012] , assigning diazotrophy a considerable supply of fixed nitrogen to the euphotic zone on the global scale [Galloway et al., 2004; Gruber, 2004] .
In the future, the ecological niche of N 2 fixers may increase. Model studies project warmer sea surface temperatures, associated with intensified vertical stratification and reduced supply of nutrients from depth [e.g.,
The majority of the current generation of global climate-biogeochemical models in the fifth phase of the Coupled Model Intercomparison Project (CMIP5, http://cmip-pcmdi.llnl.gov/) do not account for N 2 fixation nor the loss through denitrification at all [e.g., Palmer and Totterdell, 2001; Vichi et al., 2007; Collins et al., 2011; Watanabe et al., 2011] . Only a few CMIP5 models include an explicit representation of N 2 fixers [Moore et al., 2004; Dunne et al., 2013] . The respective parameterizations consider the main relevant characteristics of diazotrophs, such as a relatively slow growth rate and no growth limitation by nitrogen. Still, these models have deficiencies in either reproducing a reasonable global N 2 fixation [Moore et al., 2004] , or the spatial distribution of N 2 fixation [Dunne et al., 2013] . Several one-dimensional [e.g., Hood et al., 2001; Fennel et al., 2002] as well as regional and global models [e.g., Hood et al., 2004; Moore and Doney, 2007; Sonntag, 2013; Landolfi et al., 2015] take into account additional distinct physiological characteristics of N 2 fixers, such as a specific temperature dependence of diazotrophic growth, or buoyancy. These parameterizations are mostly based on the physiology of the best studied, surface bloom forming marine nitrogen fixer Trichodesmium [e.g., Capone et al., 1997 Capone et al., , 2005 . The models succeed in simulating regional spatial and temporal patterns of N 2 fixation. The studies of Monteiro et al. [2010 Monteiro et al. [ , 2011 include all three main diazotroph types (Trichodesmium, unicellular cyanobacteria, and symbiotic diazotrophs) by means of a ''self-assembling'' phytoplankton community. In their global model, the three diazotroph types largely coexist. The authors state that N 2 fixation in the ocean can possibly be represented to a great extent by a model based solely on Trichodesmium.
In HAMOCC, the global ocean biogeochemical model of the MPI-ESM, N 2 fixation has hitherto been represented by a diagnostic formulation. Thereby, the nitrate influx into the surface layer is a function of the nitrate deficit relative to phosphate (derived theoretically based on phosphate concentrations and the Redfield ratio), multiplied by a constant fixation rate . Although this simplified approach yields a reasonable global N 2 fixation, the observed spatial patterns are not captured. The areas of N 2 fixation are rather coupled to the upwelling areas of nitrate-depleted waters, similar to what can be found in the geochemical model approach of Deutsch et al. [2007] . Large fixation rates in HAMOCC occur in high latitudes, which is in contradiction with observations. Furthermore, the whole influx due to N 2 fixation is prescribed to take place in the first model layer (12 m), in contrast to observations which rather indicate considerable fixation rates down to greater depth levels [e.g., Davis and McGillicuddy, 2006; Luo et al., 2012] . Besides the deficiencies in simulating the spatial distribution (horizontally and vertically), the temporal variability is also not captured. The diagnostic formulation is not able to simulate a realistic seasonal cycle due to its tight coupling to upwelling and due to the lacking explicit growth dynamics of N 2 fixers.
Here we replace the diagnostic formulation of N 2 fixation in HAMOCC by including a prognostic representation of diazotrophs. As the ecological niche of diazotrophs is thought to be to a large extent represented by physiological characteristics of Trichodesmium [Monteiro et al., 2010 [Monteiro et al., , 2011 , we base the formulation of growth dynamics on the physiology of this most abundant and widely studied open ocean diazotroph. The aim of this comprehensive approach is to realistically represent the process of N 2 fixation and its effects on biogeochemical cycles in the global biogeochemical model. This paper provides a detailed description of the parameterization of prognostic N 2 fixers as well as an analysis and evaluation of the model performance on the basis of observations and previous model studies. Successfully reproducing today's state of N 2 fixation is a prerequisite for capturing its response to future climate. Moreover, the new model component in HAMOCC provides the basis for further studies on the role of diazotrophs in ocean biogeochemical cycles and on the response of N 2 fixation to different environmental factors.
The remaining paper is organized as follows: section 2 gives a short overview of the main aspects of the global biogeochemical model HAMOCC, followed by a detailed description of the parameterization of the newly implemented N 2 fixers. The section includes the model setup and experimental design. Section 3 provides an evaluation of modeled N 2 fixers and N 2 fixation against observations and results from biogeochemical models. Differences in biogeochemistry between two model runs, one with and one without prognostic N 2 fixers, are discussed in section 4. The sensitivity of N 2 fixers to selected model parameters is assessed in additional experiments (section 5). The paper closes with a summary and conclusions, discussing the strengths and constraints of the new model component (section 6).
Model Description

The Ocean Biogeochemical Model HAMOCC
The global ocean biogeochemical model HAMOCC, as part of the MPI-ESM, serves to quantify the uptake and storage of CO 2 in the ocean. HAMOCC includes biogeochemical processes in the water column, the sediment, and at the air-sea interface. The present study extends the version HAMOCC 5.2, which was used as part of the MPI-ESM in the CMIP5 experiments .
Biogeochemical tracers in the water column are fully advected, mixed, and diffused by the flow field of the physical model. Biogeochemistry dynamics, which are premised on an extended NPZD (nutrients, phytoplankton, zooplankton, and detritus) model approach [Six and Maier-Reimer, 1996] , include the compartments nutrients (phosphate, nitrate, and iron), oxygen, silicate, phytoplankton, zooplankton, dissolved organic matter, and detritus. Organic material is composed following a constant Redfield ratio of carbon (C:N:P:O 2 5 122:16:1:2172) based on Takahashi et al. [1985] and of the micronutrient iron (Fe:P 5 366 3 10 26 ) [Johnson et al., 1997] . The sinking speed of organic matter increases linearly with depth after Martin et al. [1987] .
Atmospheric deposition of iron is accounted for by applying the present-day climatology of monthly atmospheric dust deposition from Mahowald et al. [2006] . It is assumed that a fixed fraction of the dust deposition (3.5%) is iron, of which 1% is biologically available. Ilyina et al., 2013] , N 2 fixation, the conversion of N 2 into bioavailable nitrogen, was realized as a direct input of nitrate to the surface layer with a rate of 0.05 d 21 in case of a nitrate to phosphate ratio below the Redfield value of 16 N to 1 P. In this study, the implementation of prognostic diazotrophic growth and related N 2 fixation replaces the diagnostic formulation. The applied parameterization is described in detail in section 2.2.
Prognostic Parameterization of N 2 Fixers
The parameterization of bulk diazotrophic growth is based on observed physiological responses of Trichodesmium to environmental conditions. Unicellular cyanobacteria have similar characteristics in many aspects, and thus are not explicitly accounted for. The knowledge about symbiotic diazotrophs is so limited due to the complex relationship with diatoms that we do not consider them in the parameterization.
Analogous to bulk phytoplankton (Phy), N 2 fixers are included as a three-dimensional prognostic tracer, advected, and mixed by the oceanic flow field of the general circulation model. The governing differential equation describing the dynamics of the N 2 fixers concentration (Diaz) is given by
Hereby, V is the 3-D advection vector, D the diffusion operator (both computed in the ocean general circulation model), and W includes the source and sink terms of biogeochemical processes
where G is growth and M mortality of N 2 fixers. The last factor in equation (2) describes changes in the distribution due to vertical movement with the constant buoyancy velocity w Diaz . This natural motility, provided by the presence of gas vesicles [Walsby, 1978; Villareal and Carpenter, 2003; Le Borgne, 2008, 2010] , gives Trichodesmium an advantage compared to bulk phytoplankton in competition for light. Following Sonntag [2013] , we set the buoyancy velocity to 1 m d 21 .
Growth is limited by the physical conditions light (L) [Karl and Letelier, 2008; Luo et al., 2014] and temperature (T) [Breitbarth et al., 2007] 
The maximum growth rate of N 2 fixers (both for Trichodesmium and unicellular cyanobacteria) is lower compared to bulk phytoplankton due to the energetically costly process of N 2 fixation. In our model, the maximum growth rate is set to 0.2 d 21 , a value in the middle of the observed range for Trichodesmium (doubling time 3-5 days [Capone et al., 1997] ). The actual growth of N 2 fixers biomass per time step is then given by
Light limitation, as for bulk phytoplankton, is calculated following the photosynthetic irradiance curve formulation by Smith [1936] :
with a as the initial slope of the photosynthesis versus irradiance curve, and I PAR ðzÞ the vertical field of photosynthetically active radiation (PAR) in the water column. I PAR ðzÞ is parameterized by a bimodal approach based on Zielinski et al. [2002] I PAR ðzÞ5Io PAR r Á e 2zÁkr 1ð12rÞ Á e
Here Io PAR is the incoming photosynthetically active radiation at the sea surface, covering the wavelength range of 400-700 nm. In order to account for the influence of attenuation by clear water as well as the selfshading effect of phytoplankton, the spectrum is divided at 580 nm (prescribed by r) into two domains: whereas for longer wavelengths (red domain) attenuation is dominated by sea water with the attenuation coefficient k r , for shorter wavelengths (blue/green domain) the absorption by chlorophyll (Chl) with the absorption coefficient k Chl is considered in addition to clear water with the absorption coefficient k w . For simplicity, and because the actual value is not well constrained by observations, the carbon to chlorophyll ratio (R C:Chl ) of N 2 fixers in the model is the same as for bulk phytoplankton, namely 60:1 g C (g Chl) 21 . The temperature limitation of growth l T is described by a modified Gaussian function as used by Sonntag [2013] , based on observational evidence gained by Breitbarth et al. [2007] l T ðTÞ5e
T opt is hereby the optimal temperature for N 2 fixers growth, and T 1 and T 2 describe the distribution around this optimum. The parameter values are chosen as T 1 55:58C and T 2 518C with an optimum temperature T opt 5 288C, reproducing the observed curve for Trichodesmium [Sonntag and Hense, 2011; Breitbarth et al., 2007] . Not only Trichodesmium but also unicellular cyanobacteria and diazotrophs in general are thought to favor warm temperatures [e.g., The growth dependency on the macro nutrient phosphate and micro nutrient iron is formulated as a multiplicative limiting approach following Michaelis-Menten kinetics:
The iron demand for the process of N 2 fixation is reported to be 10-100 times higher than for any other nitrogen assimilation [e.g., Falkowski et al., 1998; Berman-Frank et al., 2001; Kustka et al., 2003] [Lin et al., 1998; Mulholland and Capone, 2000; Berman-Frank et al., 2001; Eichner et al., 2014] . In preference to the energetic costly process of breaking the N 2 triple bond, Trichodesmium rather can obtain significant amounts of nitrogen through uptake of nitrate and ammonium [Holl and Montoya, 2005] . In the model, we account for a potential nitrate uptake of diazotrophs by
with
Nitrate is taken up by the diazotrophs following Michaelis-Menten kinetics with quadratic terms. The first term in the minimum expression in equation (10) 
Hence, the ratio of N 2 fixation and nitrate consumption is not prescribed, but evolves dynamically in the model: If no nitrate is available, N 2 fixation is stimulated, whereas it is reduced with increasing nitrate concentration.
As observations indicate that the grazing pressure on Trichodesmium is small [O'Neil and Roman, 1994; Hood et al., 2001; Hewson et al., 2004] , consumption by zooplankton has been omitted. The sink term of N 2 fixers is given by its natural mortality M M5minðDiaz2Diaz min ; m Diaz Á DiazÞ:
The dimensional coefficient m Diaz represents the decay rate. The decay rate is not well constrained by observations and is set to a value of 0.1 d 21 as a result of the tuning process. This value is within the range of values applied by other model studies (e.g., 0.05 d 21 [Sonntag, 2013] and 0.18 d 21 [Moore et al., 2004] ). In order to guarantee growth at any location, N 2 fixers concentration cannot fall below a threshold Diaz min of 1310 211 kmol P m 23 , mimicking spores floating around in the water column.
The resulting linear loss is partitioned between the detritus pool (f DET 5 0.9), accounting for the sinking part of the organic matter which is reported to be potentially triggered by programmed cell death of Trichodesmium blooms [Bar-Zeev et al., 2013] and the dissolved organic matter (DOM Diaz ) pool (f DOMDiaz 50:1). Nitrate is released into the system via remineralization of detritus and DOM. The contribution of N 2 fixers (and phytoplankton in general) to DOM is largely unknown. There is evidence that part of the DOM in the oligotrophic ocean is transformed into recalcitrant DOM [Jiao et al., 2010] . However, the remineralization rate of DOM is in general not well constrained, and we used it as a tuning parameter to achieve a better distribution of surface nitrate in the system. As a result of model tuning, we set the bacterial degradation rate of DOM produced by N 2 fixers (rem DOMDiaz ) to 4310 25 d 21 .
The organic composition of N 2 fixers in the model is analogous to bulk phytoplankton (C:N:P:O 2 5 122:16:1:2172). With respect to the change of total alkalinity (TA) due to N 2 fixers growth, this means an increase in TA in case of the usage of nitrate, and no change of TA in case of the usage of N 2 [Wolf-Gladrow et al., 2007; Ilyina et al., 2013] .
As Trichodesmium photosynthetically produces oxygen while fixing N 2 [Capone et al., 1997] , oxygen is released during the process of N 2 fixers production in the model. With the assumption of a constant Redfield ratio for all organic material, the amount of released oxygen depends on the source of nitrogen: if N 2 is used for growth the change in oxygen is 148 kmol O 2 per production of 1 kmol P, and for nitrate, it is 172 kmol O 2 , respectively. [Marsland et al., 2003; Jungclaus et al., 2013] . Details on the coupling of HAMOCC and MPIOM are given in Maier-Reimer et al. [2005] .
The spatial and temporal resolution of HAMOCC is prescribed by MPIOM. In the current study, a configuration referred to as LR (GR15) is applied [Jungclaus et al., 2013] . The bipolar grid, with poles over Antarctica and Greenland, has a horizontal resolution of about 1.58, gradually varying between 15 km in the Arctic and about 184 km in the tropics. In the vertical, there are 40 unevenly spaced layers with level thicknesses increasing toward the bottom, whereby eight layers are located within the upper 90 m. The time step is 72 min.
For our simulations, MPIOM and HAMOCC are forced daily by the surface boundary condition data set based on the second ECMWF Re-Analysis project (ERA-40) [Simmons and Gibson, 2000] , also referred to as OMIP-Forcing [R€ oske, 2005] . In this forcing data set, the surface conditions are based on bulk formulae, applied on the ERA-40 data covering the time period from 1958 to 2001. From this data, a mean annual cycle on a daily basis for relevant parameters like wind stress, heat and freshwater fluxes was calculated [R€ oske, 2005] . Continental runoff is determined by means of a runoff model.
Two model simulations were performed, each starting from a model state in equilibrium which was achieved in a preindustrial control simulation performed for CMIP5 . In the first simulation, we included the prognostic N 2 fixers and run the model to a new quasi-stationary state reached after 2000 years (in the following referenced as PROG). The second simulation serves as control experiment and uses the diagnostic formulation of N 2 fixation (in the following referenced as REF). For all analyses, the mean of the last 100 years is employed.
Evaluation of the Model Results With Respect to Diazotrophic Biomass and N 2 Fixation Rates
In this section, a description of the mean model state with respect to diazotrophic biomass and N 2 fixation rates is given. After presenting the observational basis for evaluation, the general global patterns are described, followed by a detailed description and evaluation of the individual ocean basins. Furthermore, the vertical distribution as well as seasonal dynamics of modeled N 2 fixation is discussed in the context of available observations.
Observational Basis
We use the global compilation of observations of cyanobacterial diazotrophic biomass and N 2 fixation rates by Luo et al. [2012] (stored in the information system PANGAEA, doi:10.1594/PANGAEA.774851) for model evaluation. The database provides both volumetric and depth-integrated values of biomass and N 2 fixation rates. The biomass data are based on direct measurements of microscopic colony and trichome counts of Trichodesmium, and cell counts of heterocystous cyanobacteria. Limited data are also available based on nifH gene abundances. However, as the usage of the latter method is accompanied by a high uncertainty [Luo et al., 2012] , we focus on the data based on cell, colony, and trichome counts. Most data are based on the dominant cyanobacterium Trichodesmium. As the measurements do not cover the full diazotrophic community, the values can be seen as the lower limits of diazotrophic biomass [Luo et al., 2012] .
The N 2 fixation rates in the database are mostly corresponding to whole seawater samples. In some cases the rates are measured for specific organisms, i.e., Trichodesmium, unicellular cyanobacteria, or heterocystous cyanobacteria, which are then summed up. Due to a bias in one of the commonly applied measurement methods ( 15 N 2 tracer addition), a large number of N 2 fixation rates within the database might be underestimated to a certain degree [Mohr et al., 2010; Luo et al., 2012 Luo et al., , 2014 . On the other hand, some individual N 2 fixation rates might be overestimated due to the contamination of some commercial 15 N 2 gas stocks used to estimate N 2 fixation rates in the past [Dabundo et al., 2014] . Since our purpose is to evaluate the general patterns of the simulated N 2 fixation, rather than to compare exact numbers with observations, the database can nevertheless be used for our study. However, the methodological uncertainty has to be kept in mind. For our model evaluation, we binned the observational data of biomass and N 2 fixation rates [Orcutt et al., 2001; Luo et al., 2012] . These time series are applied to evaluate the modeled seasonal dynamics of N 2 fixation.
In addition to in situ measurements, geographical information about Trichodesmium derived from remote sensing are used in this study for model evaluation [Borstad et al., 1992; Dupouy et al., 2000; Sarangi et al., 2005; Westberry and Siegel, 2006] . (3)). In situ [Luo et al., 2012] and remote sensing observations [Westberry and Siegel, 2006] support the view that N 2 fixers' main ecological niche is confined to the tropical 
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and subtropical ocean. In model studies which include a higher level of diazotrophic diversity [Monteiro et al., 2010 [Monteiro et al., , 2011 , the diazotroph habitat is also restricted to tropical and subtropical waters, whereby not temperature but nutrient availability seems to be the dominant factor here.
The modeled global depth-integrated N 2 fixation rate in the PROG experiment yields 135.6 Tg N yr 21 (Table   2 ). This value falls into the range of reported estimates of $80-200 Tg N yr 21 . In general, the estimates based on extrapolations of direct measurements are markedly smaller (<100 Tg N yr
21
) [e.g., Capone et al., 1997; Luo et al., 2012] than the geochemical estimates derived from stoichiometric ratios (>100 Tg N yr 21 )
[e.g., Gruber and Sarmiento, 1997; Deutsch et al., 2007] . Overall, the global N 2 fixation rate in our model is consistent with the value of 140 Tg N yr 21 which has become widely accepted based on recent literature [e.g., Gruber and Galloway, 2008; Voss et al., 2013] .
With regard to the standing stock of diazotrophs, Luo et al. [2012] give different estimates ranging from about 2 Tg C (based on cell counts) to 590 Tg C (based on nifH-based abundances). However, the assumptions to derive biomass from cell counts and abundances introduce high uncertainties, which can affect the global estimates by up to 670% [Luo et al., 2012] . In our model, N 2 fixers develop a total biomass of 100 Tg C, which is within the range of the estimates by Luo et al. [2012] .
Global denitrification (water column and sediment, 141.9 Tg N yr 21 ) is approximately balanced by global N 2 fixation (135.6 Tg N yr 21 ). Water column denitrification is restricted to the eastern parts of the Pacific and Atlantic Ocean, and the northern part of the Indian Ocean ( Figure 3b ). This pattern is in qualitative agreement with in situ studies [Codispoti et al., 2001] . However, the extents of the denitrification areas are too large due to the overestimated size of the oxygen minimum zones ( [Luo et al., 2012, Figures 2b and 2d] . Replacing the diagnostic formulation by the prognostic growth dynamics leads to a decoupling of N 2 fixation from upwelling patterns. Thereby, the high iron limitation plays a crucial role ( Figure 4a ) since it restricts diazotrophic growth and N 2 fixation to regions of sufficient dust deposition. The impact of iron on modulating the spatial distribution of N 2 fixation is in accordance with previous model studies [Somes et al., 2010; Weber and Deutsch, 2014] . Furthermore, physical conditions, such as light and temperature, which were not accounted for in the diagnostic formulation, now influence diazotrophic activity ( Figure 4b ). The supply of cold and iron-depleted water masses to the surface in the eastern upwelling regions of the South Pacific and South Atlantic leads to strong growth limitation and thus to the absence of N 2 fixers in the major denitrification sites.
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In the following, the results of PROG for the individual ocean basins are discussed in more detail. Since due to the temperature limitation N 2 fixers growth is limited to latitudes between 408S and 408N, the descriptions refer to these respective regions in the Atlantic, Pacific, and Indian Ocean.
Atlantic Ocean
In the Atlantic Ocean, diazotrophic growth in the model is mainly limited by phosphate ( Figure 4c ). Iron concentrations are overall high due to the high dust deposition [Mahowald et al., 2006] , and hence do not considerably restrict growth of N 2 fixers (Figure 4a At the western side of the North Atlantic basin, high modeled surface concentrations and fixation rates reach latitudes of >408N due to the drift of diazotrophs with the warm water of the Gulf Stream (Figures 1a and 2a) . This extension to high latitudes along the western boundary agrees with observations (Figures 1b and 2b ).
In the downwelling region of the North Atlantic subtropical gyre, modeled values of diazotrophic biomass and fixation rates approach zero due to the strong P-limitation ( Figure 4c) . Observations, on the contrary, show overall high values of biomass (up to $300 mg C m 22 ) and fixation rates ($100 lmol N m 22 d 21 )
here. The underestimation of simulated N 2 fixation associated with a too strong P depletion was similarly found in the model study of Moore et al. [2004] . It indicates that the parameterizations, which in both models include phosphate limitation, lack a process with respect to the phosphorus source for N 2 fixers growth. (3)). Note that the limitation by light is not explicitly shown here.
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There is observational evidence that the utilization of dissolved organic phosphorus (DOP) could provide diazotrophs with sufficient phosphorus to grow in phosphate-depleted regions Dyhrman et al., 2006] . Model studies support this hypothesis and showed that including the access of diazotrophs to DOP expands their simulated ecological niche into the North Atlantic subtropical gyre [Somes et al., 2010; Landolfi et al., 2015; Somes and Oschlies, 2015] . Another proposed mechanism, based on observations, is that N 2 fixers vertically migrate to levels of higher phosphate concentrations in order to meet their phosphorus requirement [Karl et al., 1992] . Furthermore, diazotrophs are known to have a higher N:P ratio than bulk phytoplankton [Letelier and Karl, 1998; Krauk et al., 2006; White et al., 2006] . The assumption of a uniform Redfield ratio for all organic material in our model (see section 2.2) overestimates the phosphorus requirement for diazotrophic growth. This could contribute to the phosphate depletion, and the too strong growth limitation we find in our study.
Among the highest concentrations and fixation rates in the Atlantic basin are found off the west coast of Africa within the latitudinal range of 208S to about 208N. Besides the overall good growth conditions in the equatorial region (high temperatures, high iron and phosphate availability, see Figure 4 ), the overestimation of the extent of the OMZ and hence denitrification in the eastern equatorial Atlantic leads to upwelling of strongly nitrogen-depleted water masses. This enables diazotrophs to outcompete bulk phytoplankton, which results in high diazotroph concentrations and N 2 fixation rates. North of the equator, the simulated biomass is overestimated compared to observations. Modeled and observed fixation rates accord better. South of the equator, in the Gulf of Guinea, evaluation is restricted due to sparse measurements. The few direct observations give evidence for the abundance of N 2 fixing species in this region [Dandonneau, 1971] . Model studies support the picture of the eastern tropical Atlantic being an important habitat for diazotrophs. In the simulation of Hood et al. [2004] , the Gulf of Guinea is a hot spot of Trichodesmium abundance, mainly controlled by light and MLD. The model of Moore et al. [2004] , which explicitly accounts for phosphate and iron limitation, also shows high values of N 2 fixation here. In the model study of Monteiro et al.
[2010], which simulates various diazotrophic groups, all three main types are highly abundant in the equatorial Atlantic, especially in the Gulf of Guinea. parison to other dust deposition climatologies [e.g., Mahowald et al., 2003; Luo et al., 2003 ], the applied climatology of Mahowald et al. [2006] shows rather high values in the eastern tropical Pacific, which might cause an overestimation of N 2 fixers' activity in this region. Additionally, the overestimated extent of the OMZ and related denitrification might further support the high diazotroph abundance due to the upwelling of P* enriched water masses. Satellite data support the picture of high concentrations of Trichodesmium in the eastern equatorial Pacific [Westberry and Siegel, 2006] . In situ observations also confirm the presence of N 2 fixers, but the observed concentrations and N 2 fixation rates are considerably lower (Figures 1 and 2) . However, the only sparse observational data, which in many cases do not represent the full diazotrophic
Journal of Advances in Modeling Earth Systems 10.1002/2016MS000737 community, can be considered as the lower limit of diazotrophic biomass and N 2 fixation rates [Luo et al., 2012] . Model studies show equivocal results with respect to this region. In the geochemical, diagnostic model of Deutsch et al. [2007] , the eastern Pacific is a dominant location of N 2 fixation due to the upwelling of nitrogen-deficient waters from the denitrification zone. A number of models which include explicit N 2 fixers also show a high abundance of diazotrophs in the eastern equatorial Pacific [Moore and Doney, 2007; Dunne et al., 2013; Somes et al., 2010; Landolfi et al., 2015] . Other studies rather indicate low values or even the absence of diazotrophs in this region [Moore et al., 2004; Monteiro et al., 2010] . Discrepancies between the models are probably due to differences in the applied dust deposition climatologies, which vary greatly with respect to the amount of dust deposition over the eastern Pacific Ocean.
In our model, the N 2 fixers habitat extends like two zonal bands through the North and South Pacific Ocean at a latitudinal range of about 15-258N and 15-258S. The ability to fix N 2 allows diazotrophs to outcompete bulk phytoplankton within the nitrate-depleted subtropical gyres. Observations also show significant N 2 fixation rates at 20-308N in the central North Pacific [Luo et al., 2012, Figures 2b and 2d] .
In the South Pacific, N 2 fixation in our model is shifted away from the coast. Cold temperatures and low iron concentrations of the water in the upwelling region limit diazotrophic growth, whereby temperature is the dominant factor (Figures 4a and 4b ). The fact that considerable N 2 fixation rates were measured here (Figure 2b) , might indicate that our parameterization misses diazotrophs which are adapted to colder temperatures. In general, more research is needed on the physiology and the importance of the more uncharacterized N 2 fixing groups (e.g., unicellular cyanobacteria) that grow in cooler water [e.g., Moisander et al., 2010] .
In the western Pacific, our model shows a large area of overall high concentrations on an order of 100-1000 mg C m 22 and fixation rates of 100-1000 lmol N m 22 . Low nitrate and sufficient iron and phosphate concentrations promote growth of diazotrophs here. While the high fixation rates fit well to observations, the biomass concentrations, for which only very limited observations are available, seem to be overestimated. However, in the southwestern tropical Pacific off the coast of Australia (at about 208S), in situ data based on nifH-gene measurements support this high biomass [Luo et al., 2012] . Also, satellite measurements have detected Trichodesmium blooms in this region [Dupouy et al., 2000] . Moreover, modeling studies agree on the overall high abundance of N 2 fixers in the western part of the Pacific Ocean [e.g., Moore et al., 2004; Monteiro et al., 2010; Landolfi et al., 2015] .
The central equatorial Pacific is not inhabited by diazotrophs in our simulation. The upwelling of cold and iron-depleted deep waters limits diazotrophic growth (Figures 4a and 4b ) and the concurrent availability of nitrate enables nonfixing phytoplankton to outcompete N 2 fixers. Although the absence of diazotrophs along the equator agrees with measurements of negligible biomass (based on Trichodesmium and DDA) [Luo et al., 2012, Figure 2b ] as well as with the resource-ratio theory of Ward et al. [2013] , observations of N 2 fixation rather indicate considerable fixation rates of up to a few hundred lmol N m 22 at this location (Figure 2d) . Again, this discrepancy between the model and observations indicates that the model does not capture the full diazotrophic community. However, also a higher level of diazotrophic diversity as applied in the model study of Monteiro et al. [2010] does not reproduce the presence of N 2 fixers in the central equatorial Pacific.
Indian Ocean
In the Indian Ocean, the model produces high surface values of biomass (up to $100 mg C m 23 ) and N 2 fixation (up to $10 lmol N m 23 ) throughout the whole ocean basin (Figures 1a and 2a) . High dust deposition and hence iron availability (Figure 4a ) in combination with upwelling of nitrogen-depleted water from the underlying OMZ result in overall good growth conditions. Phosphate is the main limiting factor in the Indian Ocean (Figure 4c ). In situ observations are only available at a few locations. However, the measurements show globally among the highest values of diazotrophic biomass of >100 mg C m 23 (Figure 1b) . It is known that the northeastern monsoon promotes blooms of Trichodesmium [Bergman, 2001; Lugomela et al., 2002] . Satellite data [Borstad et al., 1992; Sarangi et al., 2005; Westberry and Siegel, 2006] and other global models [e.g., Moore et al., 2004; Monteiro et al., 2010] further support the potential of the Indian Ocean in playing a significant role in global N 2 fixation.
Vertical Distribution
Highest modeled N 2 fixers concentrations and fixation rates are located at the surface, where high light intensities promote diazotrophic growth (Figures 5a and 6 ). Following the exponential decrease of light, the
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vertical profiles of modeled concentration and fixation decline rapidly with depth. Biomass declines less rapidly than the fixation rates (Figures 5a), since biomass that is mixed downward to greater depths is not necessarily able to grow and fix N 2 due to too low light availability. The largest fraction of biomass and fixation is located in the upper 40 m, where 99% of the total fixation takes place (85% in the upper 20 m, respectively).
Regionally, the total vertical extent of diazotrophs in the water column varies considerably ( Figure 6 ). Zonally averaged concentrations of >0.1 mg C m 23 reach depths levels between 70 and 110 m in the meridional band of 258S-258N. In general, highest modeled concentrations develop within the mixed layer ( Figure 6 ). Comparing both hemispheres, in the upper 40 m, higher zonally averaged concentrations occur on the northern hemisphere compared to the southern hemisphere ( Figure 7 ). This is probably due to the overall high values present in the eastern tropical North Pacific (Figures 1a and 1c) . Observational evidence regarding the distribution of biomass and fixation rates with depth is equivocal. Several studies, using net tows, found concentrations restricted to the nearest surface [e.g., Carpenter and Price, 1977; McCarthy and Carpenter, 1979; Orcutt et al., 2001] . However, measurements with a novel optical method revealed a more uniform distribution of Trichodesmium colonies over the water column than previously thought [Davis and McGillicuddy, 2006] , supporting the vertical distribution as simulated by our model. The database of Luo et al. [2012] confirms the abundance of diazotrophs and N 2 fixation over greater depths (down to $250 m).
Long-term measurements of the vertical profile of N 2 However, it has to be kept in mind, that the ocean model is driven by a climatological forcing, which produces an overall smaller interannual variability in the modeled N 2 fixation rates than present in reality. The high variability of N 2 fixation existent at this location is indicated by the large standard deviations observed for the single depth levels (Figure 5b ). The new parameterization improves the vertical distribution of N 2 fixation rates compared to the diagnostic formulation, in which the total input of ''new'' nitrogen was added by definition to the surface layer (for ALOHA, Figure 5b , blue dot).
Seasonal Variability of Diazotrophic Biomass and N 2 Fixation Rates
The modeled biomass and fixation rates show a pronounced seasonal cycle, mainly driven by physical conditions like temperature and light. Thereby, the northern and southern boundaries of its occurrences move slightly poleward in summer and equatorward in winter of the respective hemispheres (by approximately 108 latitude). In the northern hemisphere, highest surface concentrations, as well as shallow reaching biomass occur in August-November ( Figure 7a) ; in the southern hemisphere in December-May (Figure 7b ). During winter and spring of the respective hemisphere, enhanced mixing of N 2 fixers downward, as well as stronger light limitation, leads to lower surface concentrations. The expansions to greater depths due to downward mixing are probably supported by better growth conditions due to a weaker self-shading effect (i.e., light absorption by biomass lying above) in the upper layers.
Observed time series of biomass and N 2 fixation rates (measured approximately once per month) are available at two locations, the long-term monitoring stations ALOHA [Church et al., 2009; Luo et al., 2012] and BATS [Orcutt et al., 2001; Luo et al., 2012] . Figure 8a shows the observed and modeled N 2 fixation rates at station ALOHA. For the model-observation comparison of the seasonal cycle, we take a model position corresponding to the physical conditions at the location of ALOHA, as already done for the comparison of the vertical profile (section 3.2.5). The magnitudes of the modeled prognostic depth-integrated N 2 fixation rates (PROG), and also its seasonal pattern with lowest values at the end/beginning of the year and highest values in the middle of the year, generally agree with the observed ones. However, the peak in the modeled fixation rates occurs too early, in May instead of August. This is caused by a rapid decline of bulk phytoplankton productivity in the model from January onward, with a minimum in May (not shown). As . Furthermore, the seasonal cycle is opposite to the observed one. Hence, the diagnostic formulation is neither able to produce fixation rates in the right order of magnitude at this location (see section 3.2.1) nor a reasonable seasonal cycle.
In the Indian Ocean, PROG shows a pronounced seasonal cycle of N 2 fixers biomass and N 2 fixation rates, with highest values from September to February (not shown). This strong seasonal pattern is also reported from observations, and roughly corresponds to the timing of the monsoon, with highest biomass promoted by the northeast monsoon (November-April) when water conditions are generally calm and warm, and lowest values during the southwest monsoon (June-October) [Carpenter and Capone, 1992; Bergman, 2001; Lugomela et al., 2002] .
The comparison of the results of the two treatments of N 2 fixation (PROG and REF) shows that prognostic growth dynamics are needed to produce reasonable seasonal dynamics of N 2 fixation. In contrast to REF, the variable growth rate in PROG is able to respond to the seasonally changing physical conditions like 
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temperature and light, and acts on the variable standing stock of N 2 fixers instead of prescribing a constant rate.
Besides the pronounced seasonal cycle, variability on shorter timescales is present in the modeled diazotrophic biomass. The temporal evolution of N 2 fixers concentration shows episodic events of high concentrations which last for a few weeks or even months (not shown). Yet as the simplification of a linear decay rate in the parameterization neglects mortality of N 2 fixers due to abrupt cell death or viruses which potentially are important [e.g., Hewson et al., 2004] , the model does not capture the very short-lived behavior of blooms reported from observations [e.g., Bar-Zeev et al., 2013] . As a result, the abundances of N 2 fixers in the model may be less patchy and more stable than observed for Trichodesmium. Longer durations of blooms up to several months that have been observed [e.g., Devassy and Goes, 1988] are better represented in the model.
Effects of N 2 Fixers on the Mean Biogeochemical Model State
In general, the mean states of both experiments PROG and REF are similar, and comparable to the coupled model run described in detail in Ilyina et al. [2013] . However, as the novel prognostic N 2 fixers in PROG affect the other biogeochemical model pools, differences in the fluxes and inventories compared to the simulation with diagnostic N 2 fixation (REF) occur. Concurrently, changes in the biogeochemical state variables between the two model runs emerge. In the following, we discuss differences between the two simulations PROG and REF with regard to fluxes and inventories within the euphotic zone, as well as with regard to state variables. We use observations from the World Ocean Atlas (WOA) 2013 (https://www.nodc.noaa. gov/OC5/woa13/) for evaluation of the state variables. Thereby, we focus on the distribution of nitrate, phosphate, and oxygen, since these are the key variables relevant for biological processes. Iron is not considered, as its spatial pattern is largely determined by the applied dust deposition field. The derived quantity P* (PO 4 -NO 3 /16), a measure of the excess of P relative to the Redfield N quota [e.g., Deutsch et al., 2007; Somes et al., 2010] , is additionally applied to assess the model skill with respect to phosphate and nitrate.
Effects on Organic Matter Fluxes and Inventories Within the Euphotic Zone
The main fluxes and inventories of the model pools within the euphotic zone of the two experiments are summarized in Table 2 The bulk phytoplankton standing stock is similar between the two runs (0.62 Gt C in REF and 0.61 Gt C in PROG). Since diazotrophs, unlike bulk phytoplankton, can grow in the nitrate-depleted oligotrophic tropical and subtropical oceans, the total standing stock of autotrophs increases to 0.71 Gt C in PROG when adding the diazotrophic biomass of 0.10 Gt C. Globally, N 2 fixers represent about 14% of the mean phytoplankton biomass. In the tropical regions they often constitute up to 90%. This large proportion of diazotrophic biomass in distinct regions of the ocean is in accordance with observations Mahaffey et al., 2005] .
Although the global biomass of bulk phytoplankton is very similar between the two model runs, the global value of net primary production (NPP) by bulk phytoplankton is considerably lower in PROG (45.53 Gt C yr ). This decrease in NPP results from the competition with diazotrophs, which regionally prevail over bulk phytoplankton in the tropics and subtropics. Furthermore, lower nitrate concentrations in high latitudes, as will be discussed in section 4.1.1, result in stronger growth limitation of bulk phytoplankton and hence additionally reduce NPP. Adding the fraction of NPP produced by N 2 fixers (3.23 Gt C yr [Najjar et al., 2007] . The DOC pool fed by diazotrophs (DOM Diaz , 0.82 Gt C) is about 15% of the total DOC pool (5.44 Gt C). As not much is known about the partitioning of DOM into various refractory pools, it is difficult to evaluate this number. 4.1.1. Effects on the Global Distribution of Nitrate, Phosphate, and Oxygen Accounting for diazotroph's dynamics does not fundamentally change the large-scale patterns of surface nitrate and phosphate in the model (Figures 9a, 9b, 10a , and 10b). But regionally, differences occur. Although the global mean N 2 fixation rate is very similar in the two experiments (Table 2) , the spatial distribution of nitrate influx is very different. In REF the nitrate influx takes place almost all over the global ocean ( Figure 3a) and by definition adds directly nitrate into the surface layer. In PROG, nitrate addition occurs where after N 2 fixation the biomass of diazotrophs is remineralized, thus primarily in the tropical and subtropical ocean (Figures 2a and 2c ). As N 2 fixation is absent in high latitudes in PROG, surface nitrate concentrations are lower, regionally up to 2.5 mmol N m 23 (Figure 9b ). In contrast, surface phosphate concentrations are higher here (up to 0.1 mmol P m 23 ) (Figure 10b ), since lower nitrate concentrations lead to a decrease of bulk phytoplankton growth in high latitudes. The lower nitrate and higher phosphate concentrations in high latitudes are more realistic, as indicated by comparing simulated spatial patterns of P* to observations (Figure 11a, 11b, and 11c ). In the process of N 2 fixation, only phosphate and no nitrate is consumed (reducing P*). During growth of nonfixing phytoplankton, in contrast, nitrate and phosphate are consumed proportionally (conserving P*). The absence of N 2 fixation in high latitudes as well as in the central equatorial Pacific in PROG leads to an increase of P* in the respective regions, which is in better agreement with observations than the rather low values present in REF.
In the tropics and subtropics, the upwelling of P* rich water from denitrification sites (Figure 11 ) promotes N 2 fixation. As discussed above, N 2 fixation then reduces phosphate and P* at the surface. The too strong depletion of surface phosphate and P* in regions of highest N 2 fixation indicates either an overestimation of N 2 fixation in the respective regions, or a shortcoming in the growth parameterization. An overestimation of N 2 fixation might be caused by too strong denitrification, or, in case of the eastern tropical Pacific, by too high dust deposition. With respect to the model shortcoming, one potential cause for the phosphate and P* depletion could be the low N:P ratio that is prescribed for diazotrophs in the model (see section 2.2). Furthermore, a missing process in the growth parameterization with respect to the phosphorus source (like Journal of Advances in Modeling Earth Systems 10.1002/2016MS000737 dissolved organic phosphorus utilization or the vertical movement to depths of higher phosphate concentrations, as discussed in section 3.2.2) might be responsible for the strong depletion of phosphate and P* at the surface. Surface nitrate is also more depleted in PROG in the regions of diazotrophic growth compared to REF (regionally up to 0.8 mmol N m 23 ) (Figure 9a and 9b) . This is because the prognostic N 2 fixers first consume the available nitrate before utilizing N 2 for growth. As the physical growth conditions are mostly favorable in the tropical and subtropical regions, diazotrophs grow unhindered until nutrients are exhausted. Thus, although N 2 fixers add ''new'' nitrate to the system, the associated production of biomass, and the subsequent sinking of a large fraction of the decaying material (detritus), leads to a depletion of the nitrate in the surface layer, rather than to an accumulation.
Highest differences in nitrate and phosphate between the model runs occur at the surface. Already at a depth of 100 m the concentrations do not differ notably between the two model states (Figures 9d, 9e, 9f, 10d, 10e, and 10f) . In case of nitrate, both experiments show generally slightly higher concentrations in the 
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centers of the subtropical gyres compared to observations. In experiment PROG this discrepancy is partly reduced. Below 100 m, in case of phosphate no deviations between the two models are visible (not shown). Differences in oxygen between the two experiments, both at the surface and at 100 m depth, are marginal and the respective maps are not shown here. Also at greater depth, PROG neither improves the OMZs which are generally too enhanced, nor the nitrate concentrations which are generally too low in HAMOCC .
The overall consistency between the two mean model states is affirmed by a Taylor diagram (Figure 12) , which visualizes the model skill compared to observations [Taylor, 2001] . In the graphs, the observational data set (WOA 2013) is represented by a correlation and standard deviation of 1. Deviations from 1 display the discrepancy of the modeled to observed variables. For surface nitrate, the model performance shows a slightly higher mismatch to observations in PROG than in REF. 
Sensitivity of Prognostic N 2 Fixers to Selected Parameters
A number of biological model parameters, such as the growth and decay rate, as well as the half saturation constants for the uptake of nutrients, have been tuned in order to produce reasonable results with respect to N 2 fixers biomass and fixation rates. As the biological parameters are not well constrained by measurements and can vary between different diazotrophic groups, additional sensitivity experiments have been conducted in order to assess the impact of the uncertainties in these parameters on the model results. The parameters of maximum growth rate and decay rate only modify the magnitudes, rather than the spatial Journal of Advances in Modeling Earth Systems 10.1002/2016MS000737 distribution of N 2 fixers and fixation rates. In contrast, the half saturation constants of iron K Fe and phosphate K P , which enter the limiting functions of growth (equations (8) and (9)), affect also the spatial patterns. Further, the buoyancy velocity w Diaz affects the vertical distribution of N 2 fixers and fixation rates in the model. The motility is a characteristic feature of Trichodesmium and does not apply for the other diazotrophic groups. However, it is of interest to test the sensitivity of the model to the buoyancy velocity since Trichodesmium constitutes a considerable portion of the diazotrophic community [e.g., LaRoche and Breitbarth, 2005] .
Simulations were started from the equilibrium model state described in section 3.2, and run for another 50 years with the modified parameter values for K P , K Fe , and w Diaz , respectively. Applied parameter values and the respective model response with regard to N 2 fixation are summarized in Table 3 .
Sensitivity to the Half Saturation Constant of Phosphate and Iron
For the half saturation constant of phosphate K P , values of 0.1, 0.5, 2, and 10 times the reference value of K P 5 1 3 10 28 kmol P m 23 were applied (Table 3) . They were chosen as to cover a large range of available global estimates of N 2 fixation. An approximate linear relationship between K P and the resulting global N 2 fixation appears to hold. This can be explained by the hyperbolic form of the applied limiting function following Michaelis-Menten kinetics (equation (9)). As the reference value of K P 5 1 3 10 28 kmol P m 23 is in the order of magnitude of the ambient phosphate concentrations, changes around this value result in approximately linear changes in the growth rate. Furthermore, as the horizontal gradients of phosphate are rather small in the area where N 2 fixers occur, this results in an overall linear change of the global N 2 fixation. Decreasing K P (0.1 3 10 28 and 0.5 3 10 28 kmol P m 23 ) leads only to a small increase of overall N 2 fixers concentrations, without a notable change in the inhabited area (Figures 13a and 13c) . The global N 2 fixation rate only slightly increases (140.1 and 145.4 Tg N yr 21 compared to 135.6 Tg N yr 21 in PROG). Increasing K P (2 3 10 28 and 10 3 10 28 kmol P m 23 ), on the other hand, shows a more pronounced effect, both on the global N 2 fixation rate (125.6 and 57.1 Tg N yr 21 compared to 135.6 Tg N yr 21 in PROG), and on the extent of the diazotrophic habitat (Figures 13e and 13g ). For a 10 times higher K P , N 2 fixers almost completely vanish in the West Pacific and subtropical South Pacific. The North Pacific, the Atlantic, and the Indian Ocean also show considerably lower values of depth-integrated biomass.
Analogous to phosphate, values of 0.1, 0.5, 2, and 10 times the reference value for the half saturation constant of iron K Fe 5 0.32 nmol Fe m 23 were tested (Table 3) . The resulting N 2 fixation rates (except for the highest K Fe ) suggest an exponential relationship, indicating the model's sensitivity to this parameter, and to the iron distribution in general. Horizontal gradients are large in the surface iron concentrations, and hence small changes in K Fe lead to large changes in the spatial distribution of N 2 fixers (Figures 13b, 13d, 13f where they were not present before (Figures 13b and 13d ). With increasing K Fe , the areal extent of N 2 fixers effectively decreases, mainly in the Pacific, where a doubling of K Fe leads to almost vanishing existence of N 2 fixers in the west and south of the basin (Figure 13f ). Further increasing K Fe to a 10 times higher value shrinks the area covered by N 2 fixers to the hot spots of the atmospheric iron input, which are located in the North East Pacific, the Gulf of Guinea, and the Arabian Sea (Figure 13h) . The global N 2 fixation in this case yields only 13.7 Tg N yr 21 . 
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The sensitivity experiments indicate that iron limitation is an important controlling factor in the modeled distribution of N 2 fixers, especially in the Pacific Ocean. An increasing iron limitation leads to a decoupling of N 2 fixation from denitrification sites and to a tighter coupling to the atmospheric iron source which is in agreement with the study of Weber and Deutsch [2014] . As knowledge about the iron distribution is very limited, especially in the Pacific Ocean, the dependency of the model performance on iron limitation constitutes a source of uncertainty. Furthermore, we include constant half saturation rates for both phosphate and iron in our model. In reality, large (e.g., Trichodesmium) and small diazotrophs (e.g., unicellular cyanobacteria) have very different values. Including this diversity could affect the regional spatial patterns of the simulated habitat, as shown in the sensitivity experiments.
Sensitivity to the Buoyancy Velocity
The buoyancy velocity of Trichodesmium is poorly constrained by observations, and reported values range from even a negative buoyancy velocity (sinking), to a rising rate of about 260 m d 21 [Walsby, 1978; Villareal and Carpenter, 2003; Guidi et al., 2012] . (Figure 14) , as well as the vertical profiles of biomass and fixation rates (Figure 15 ). Global maps of surface N 2 fixers concentrations generally display higher surface concentrations for higher buoyancy velocities. Between 1 and 10 m d 21 the differences are relatively small, however, the surface concentrations further increase with increasing rising rate.
The current state of knowledge about the vertical distribution of N 2 fixers biomass and fixation rates is limited, however, observations of vertical profiles will probably increase in the future. Our sensitivity experiments indicate that the buoyancy velocity plays a crucial role in influencing the vertical distribution. 6. Summary and Conclusions N 2 fixation plays a relevant role in ocean biogeochemical cycles and carbon sequestration [e.g., Capone, 2001 ]. Yet until now N 2 fixation has only been very simplistically represented in HAMOCC, the ocean biogeochemical component of the MPI-ESM. The diagnostic formulation of N 2 fixation used hitherto was solely aimed at compensating the nitrogen loss due to denitrification. The resulting N 2 fixation was closely coupled to the upwelling sites of nitrogen-depleted water masses and neither captured the spatial distribution, nor the seasonal dynamics of observed N 2 fixation. The implementation of prognostic N 2 fixers, as presented in this paper, leads to a considerable improvement of the model's representation of present-day N 2 fixation. The new model component is included in the standard model MPI-ESM.
Our growth parameterization of bulk N 2 fixers is based on physiological characteristics of the cyanobacterium Trichodesmium, which are thought to largely represent the ecological niche of N 2 fixers in general [Monteiro et al., 2010 [Monteiro et al., , 2011 . N 2 fixers in our model differ from bulk phytoplankton by their ability to use both NO 3 and N 2 , a slower maximum growth rate, stronger iron limitation, buoyancy, and a specific optimum temperature range.
The prognostic parameterization reproduces the large-scale distribution of autotrophic N 2 fixers biomass and fixation rates, confined to the tropical and subtropical oceans between 408S and 408N. In addition to fixed N deficits, the spatial patterns of N 2 fixation are controlled by temperature, phosphate, and iron limitation, and thus are partially decoupled from the upwelling areas of nitrogen-depleted water masses. The global N 2 fixation rate yields 135.6 Tg N yr
21
, which lies within the range of recently reported estimates ) [e.g., Gruber and Galloway, 2008; Voss et al., 2013] .
N 2 fixing diazotrophs are found in the upper 100 m with a major fraction of biomass confined to the upper 40 m, where about 99% of the total N 2 fixation occurs (85% in the upper 20 m, respectively). The diazotrophic activity concentrated in the upper tens of meters is in agreement with observations [Davis and McGillicuddy, 2006; Luo et al., 2012] , and the simulated vertical profile of N 2 fixation at the location of ALOHA matches well the long-term measurements.
The prognostic growth dynamics, responding to seasonal changes in physical conditions and acting on a variable standing stock of N 2 fixers, are capable of producing a reasonable seasonal variability of N 2 fixation. The observed seasonal cycles at the long-term monitoring station BATS and ALOHA with highest fixation rates in northern summer/fall are adequately simulated, though the timing of the peak at ALOHA occurs a few months too early in the model.
The inclusion of N 2 fixers has marginal effects on the surface distribution of nitrate and phosphate. This is due to the changes in the spatial distribution of nitrate influx by N 2 fixation into the upper ocean, and due to the intensified nutrient turnover by the diazotrophic phytoplankton dynamics. However, the large-scale patterns of nutrients resemble the observations as in the previous model version without prognostic diazotrophs. The spatial patterns of P* are improved, indicating that the changes in the spatial distribution of fixed nitrogen input improve the relative abundance of nitrate to phosphate. However, the prescribed low N:P ratio of 16:1 for diazotrophs causes a depletion of P* in areas of high N 2 fixation. The simulated annual [Najjar et al., 2007] , respectively.
The fact that the essential characteristics of bulk N 2 fixation are captured by the model gives confidence that the main controlling factors are included in the parameterization based on Trichodesmium. However, the absence of N 2 fixers at some locations in our simulation where N 2 fixation has actually been measured (e.g., in the central equatorial Pacific and in Peruvian upwelling region in the South Pacific) indicates that the ecological niche of diazotrophs is not completely covered by our growth parameterization. Sensitivity experiments show that different half saturation constants for nutrient uptake of various diazotroph types might be relevant for regional spatial patterns of the total diazotroph habitat. In general, future research on the physiology of more uncharacterized N 2 fixing groups, e.g., symbiotic diazotrophs, and unicellular cyanobacteria that grow in cooler water [e.g., Needoba et al., 2007; Moisander et al., 2010] , will potentially give more insights into if and how other diazotrophic groups should be accounted for in the model. Especially for representing the response of N 2 fixers to variability and climate change it might be important to include a higher level of diazotrophic diversity.
The underestimation of simulated N 2 fixers biomass and fixation rates within the North Atlantic subtropical gyre indicates a lacking mechanism in the model that supplies N 2 fixers with sufficient phosphorus to grow in this region. Proposed mechanisms are the ability of Trichodesmium to utilize dissolved organic phosphorus [e.g., Landolfi et al., 2015] , and a vertical migration of Trichodesmium from the phosphate-depleted surface layer to the phosphate rich thermocline [Karl et al., 1992] . More profound knowledge of the respective processes is required to include them in the model parameterization.
Sensitivity experiments show that iron limitation is an important factor controlling the distribution of diazotrophs and N 2 fixation in our model, especially in the Pacific Ocean. Our model assigns the Eastern Pacific Ocean a large potential for N 2 fixation, mainly driven by a pattern of high dust deposition. As knowledge of dust deposition and the iron cycle is limited, more direct measurements of N 2 fixation are needed to sufficiently evaluate the model results in this part of the ocean.
The high sensitivity of N 2 fixers to iron as found in our study supports the idea that prospective changes in the atmospheric dust deposition might affect the future evolution of global N 2 fixation [e.g., Krishnamurthy et al., 2007 Krishnamurthy et al., , 2009 . Observations indicate that additional physiological sensitivities of N 2 fixers (which are not accounted for in the current model), like pH-dependent growth [e.g., Barcelos e Ramos et al., 2007] and temperature adaptation [Thomas et al., 2012] , could also play a role. The parameterization of prognostic N 2 fixers presented in this paper provides the basis for further studies on the influence of different environmental factors on N 2 fixation, which could give indications for the response of N 2 fixation to potential conditions in a future climate.
